Abstract: This paper investigates the impact of recent financial crisis on six major stock markets during the three periods. To measure the impact of the crisis on different stock markets, we have applied a vector auto-regression (VAR) model and conducted Granger causality tests. The data used in this study, consists of time series of daily stock market indices at closing time, in terms of local currency units of the world's six major stock markets which were affected during the financial crisis, while the sample period was divided into several sub-periods. The main objectives of the research was to discover the degree of interdependence of the six stock markets and trace out the Granger causality relationships and dynamic responses of one market to in another in innovation, and to make a comparison on the degree of the co-movements in three periods, namely, the pre-crisis period, crisis period, and post-crisis periods. The results suggest that the financial crisis has reinforced the interdependence relationship of global stock markets. However, general co-movements of global stock markets persist even after the crisis and still remained stronger in some economies.
Introduction
With the collapse of Lehman Brothers in New York in 2008, turmoil in financial markets around the world began. There were massive failures of financial institutions and a staggering collapse in asset values in developed and developing countries alike. The financial crisis has crashed the US stock markets, thus sending a wave of uncertainty around the globe. Table 1 highlights the collapse of major financial institutions with important events. This paper investigates the co-movement of global stock markets through vector auto-regression (VAR) model before, during and after the 2008 financial crisis in six major stock markets, namely the US, UK, mainland China, Hong Kong, Japan and Germany. The purpose of this paper is to provide an in-depth analysis with special emphasis on comparison on international co-movements among financial markets in pre-crisis, during the crisis and post-crisis periods. Additionally, this paper addresses the following issues:
(i) Does one market's movement significantly affect another market's movement? (ii) How much of the movements in one stock market can be explained by innovations in other market? (iii) How rapid are the price movements in one market transmitted to other markets?
Literature Review and Methodology

Research on Correlation among Stock Market
There has been a wealth of literature covering the topic of financial crisis and its associate linkages to stock markets. In the past, most studies have focused on the individual countries, among the exceptions of [1] and [2] who have found that international stock prices were co-integrated. The relationship among national stock markets has been analyzed since 1970s, such as Granger and Morgenstern (1970) , , and [3] [4] [5] . These studies generally found that the interdependence of share price movements is much less pronounced among countries than within a country. After the so-called October Crash of 1987, when the stock markets in the world collapsed in a row, more studies on the co-movement among stock markets have been geared up. Since then, many practitioners as well as academicians became more interested in analyzing the co-movement between stock markets before, during and after the crash periods. Some of the reference studies concerning this topic are [6] , as well as Ang (2002) [7] , which generally found no significant correlation among the major stock markets in the world before the 1987 crisis, but it drastically increased during the crash and then sharply declined after the crash.
As the financial markets integration goes deeper, the correlations between the stock markets become stronger. Along with the deepening of research on stock market correlation, there derives various theories about the stock markets correlation. The channels include the exchange rate of the stock market theory and investor's expectation theory. Exchange rate theory shows that exchange rate transmission mechanism will work on the stock market in a certain extent, and the investor's expectation theory claims that investors have similar expectations which reflect on their investment. The relevant stock market correlation theories includes international capital asset pricing theory, arbitrage pricing theory, efficient market theory, behavioral finance theory, and the information spillover effect. Both international capital asset pricing theory and arbitrage pricing theory come from the law of one price, which says that the price of financial assets in different markets should be equal, and they explain the correlation between the stock market from the asset pricing aspects. The efficient market theory says that stock prices will fully reflect the information it contained, so the flow of information between different stock markets lead to the correlation between the stock markets. Behavioral finance theory asserts that the investors' subjective factors contribute to the process, which says the investor's asset allocation preferences, the scope of investor's securities investment, and herding effect do a lot to securities market linkages. Information spillover effects argues that since the opening times of stock market are different in different countries and regions, the information of the stock market will, in turn, reflect on their assets price, which leads to the correlation between different stock markets. The above theory suggests that different stock markets do carry a certain degree of correlation.
Carefully examination of international stock market movements in recent years suggests that there exists a substantial degree of interdependence among national stock markets. Evidence presented in previous studies reinforced that financial crisis that; influenced financial markets in different regions or even globally can enhance this interdependence. Aloui, Aïssa and Nguyen (2011) [8] did research on global stock markets in 2011 and confirmed that during the financial crisis, extreme co-movement exist in all markets of the U.S, China, India, Russia and Brazil. However, according to Dajcman et al. (2012) [9] , the co-movement dynamics across the stock markets of England, Germany, France and Austria are time-varying, and the global financial crisis did not uniformly increase the degree of co-movements across stock market returns unanimously.
Empirical studies on the pre-crisis and crisis periods of the global financial crisis such as Lee and Jeong (2014) [10] , have indicated that the level of market integration between Europe and other global stock markets had temporally increased during the global financial crisis. However, the level returned to its pre-crisis level in the post-crisis era. Furthermore, studies of Liow (2005) [11] and Celic (2012) [12] stated that the financial crisis does not enhance the interdependence of Chinese market and foreign markets alike.
Many previous studies have also indicated that the U.S. stock market presents co-movement relationship with other developed and developing markets. The co-movement among global stock markets would change when a crisis emerged. This paper endeavors to measure those responses and analyze three-stage sample periods concerning the co-movement before, during and after the financial crisis of 2007.
Methodology
Based on above theory, in this paper, we use vector-regressive (VAR) model to solve the co-movement for global stock markets during the financial crisis period. Since the variance decomposition requires estimates of infinite-horizontal expectations. The basic VAR methodology from Lee (2014) [10] is applied, but extended in various directions. Since VAR contributes a lot to the study of co-movements, this paper offers some of the theoretical introduction related to the VAR method.
The VAR Model
Sims developed the vector autoregressive analysis (VAR). The VAR model examined six variables based on daily rate of return of the sample stock markets. The VAR model is expressed as:
where x t = (x 1t , x 2t , ..., x mt ) T is an m × 1 vector of jointly determined dependent variables. φ 0 and φ s are, respectively, m × 1 and m × m matrices of coefficients, p is the lag length, and ε t is the m × 1 column vector of forecast errors of the best linear predictor of x t using all the past x s . The ith and jth component of φ s measure the direct effect that a change in the return to the jth market would have on the ith market in s periods. When rewrites a VAR (p) model into a linear function of the past innovations, and use the Cholesky decomposition to transform the innovations so that the resulting components are uncorrelated, one can obtain:
where
L is a lower triangular matrix such that ∑ = LGL T , where G is a diagonal matrix and the diagonal elements of L are unity b t = L −1 ε t .
Granger Causality Test
When a stationary time series {x t } has an impact on another time series {y t } in the Granger causality sense, we can characterize this using the following equation:
If null hypothesis Ho: ∑ m i=1 ∂ i = 0 is rejected, {x t } is said to Granger-cause {y t }. To estimate the coefficients of above equations, we try to get the error sum of squares of the restricted model and full model using following equation:
where SSR R and SSR F are the residual sum of squares of the restricted model and full model respectively. T is the sample period; m is the length of the lag; S is known to have a distribution of F (m, T − 2m − 1).
Results and Discussion
Description of the Data
Since our study is mainly focused on the co-movement of stock markets during different time periods, we have divided the time into three intervals (before, during, and after). In order to cover all periods and trace out their co-relations, we have used different datasets. When a significant event happens, generally, stock price swings. According to Klaassen (2002) [13] , who insisted to select the time period to make it consistent with the result using events selection, we have summarize several significant events from 2007 to 2009 in Table 1 [14] stated that 14 June 2006, on which the US stock market began booming with large volume, is chosen to be the beginning date of pre-crisis period.
In theory, using different time periods in different markets will increase the accuracy from an empirical aspect. However, when processing the data, for a particular market, it is difficult to use a standard scale that measures the end of the crisis. Additionally, the unreasonable segment will magnify the error. In addition, with the integration of information and the closer connection of the global economy, the differences of the duration of financial crisis impact are not large. By looking at the GDP and the unemployment rate of sample countries, it is evident that the unemployment rate went up to several countries in 2009. This further validates that the impact of the crisis varies due to time interval for different markets. To understand the impact of the crisis during different times, we have divided the sample period into the following categories: In order to measure the correlation of sample markets, we have selected the major stock markets of six countries. The stock names are Standard and Poor's 500 (U.S.), Financial Times and London Stock Exchange (UK), Germany DAX index (Germany), Nikkei 225 (Japan), Hang Seng (Hong Kong), and SSE Composite Index (mainland China). These stock market indices are transformed to daily rates of return, which are then used in our VAR analysis. The returns are calculated by taking the log difference of the stock prices on two consecutive trading days. The numbers of observations are 267, 361, and 319 for these three sub-periods, respectively. Potential problems associated with any non-stationary series in the original stock market indices can be alleviated by using the transformed data.
Given that national stock markets are generally operating in different time zones with different opening and closing times, their rate of return on a given calendar day may, in fact, represent the returns realized over different real time periods. For the purpose of interpreting the empirical results later on, it is important to know the operating hours of one market relative to other markets in a real time scale. This information is provided in Table 2 which shows the opening and closing times of the six stock exchanges in New York time. Table 2 shows all three Asian-Pacific stocks were closed when the New York Stock Exchange (NYSE) was opened on the same day. On the other hand, the Frankfurt exchange and London Stock Exchange were closed half an hour after the NYSE opened. Due to time difference, different stock markets had different opening and closing times. Hence, using the daily rate of return directly will cause calculation errors. In order to solve this problem, we have made several changes on the data processing. For the three Asian markets, since they were closed when U.S. stock market opened, so for these three markets in Asia, we have selected the yield of the second day as the yield of the day before. For the UK and Germany markets, these two markets have not closed when the US stock market was opened, which means we do not need to change the daily yield of return. Through this method of calculation, we have tried to resolve the time lag problem. Table 3 shows the contemporaneous correlations of the residual returns among the six stock markets. The residuals or innovations represent abnormal stock market returns that were not predicted based on the information reflected in the past returns. The contemporaneous correlations of the residual returns reflect the degree to which new information producing an abnormal return in one market is shared by another foreign market in the same calendar day. Table 3 elucidates that the financial crisis strengthens the contemporaneous correlations, as twelve out of fifteen pairs of residual correlation relationship increased during the crisis period. Furthermore, seven out of fifteen pairs present lower correlations in the post-crisis period, while eight pairs give even higher correlations. These eight pairs of relationships are the residual correlations between US, UK and Germany, and residual correlations between China and the rest of the six markets. The high contemporaneous correlation among US, UK, and Germany reflects that UK and Germany pay more attention to the U.S. economy even after the financial crisis. It is also argued that the turmoil of the financial crisis transferred to Europe later when the European debt crisis emerged three years after the financial crisis. Through the data, we can easily verify that the British and German stock markets have the highest correlation, which stands at 0.861. Plausible reason might be the geographical location and economic and trade linkages between the two larger economies of the region. Additionally, the correlation between America and Germany, the correlation between America and Britain ranks second and third respectively. For the mainland Chinese market, its stock market correlation with other countries is low, but after the crisis, we have seen an increased correlation between the Chinese stock market and other countries. For China, the degree of openness is not high, because the Chinese stock market is supervised by the government to a certain extent which makes it less likely to be affected by other countries, therefore, not affected evenly by the financial crisis.
Preliminary Discussion
The overall higher co-movement in global stock markets than in the pre-crisis period may reflect that more common shock was shared by these stock markets during the crisis. Credit derivatives decreased in value, housing prices plummeted, exchange rates fluctuated, massive hedge funds transferred risk globally, and so on. Furthermore, panic among individual investors also stimulated the co-movement of global stock markets. In addition, the dramatic increase of residual correlation between the U.S. and Japan may be partly explained by the large flow of Japanese hot money which, resultantly, aggravated the co-movement between the US and Japanese stock markets.
During the crisis period, the influence of mainland Chinese stock market was relatively low which can be indicated by the minor increase of residual correlation to other markets. According to Aloui, Aïssa, and Nguyen (2011) [8] , the potential of internal demand for expansion and domestic consumption, supported by the high growth rate of the Chinese economy, could have provided a cushion against slower growth in the global economy and reduced the strong dependence of the Chinese market on external markets, such as the European Union, and USA. As a result, the Chinese economy was less vulnerable to external shocks.
Conversely, during the crisis period, the Hong Kong stock market shared significant abnormal return of shock with the Chinese market. However, in the post-crisis period, China presents the largest co-movement with other stock markets. Instead of strengthening the co-movement mechanics during the crisis, the financial crisis has yielded more influence on China in the post-crisis period. The financial crisis made Chinese market more integrated with the global economy.
In line with the general observations explained above, the contemporaneous correlation of the US with three Asian-Pacific markets was low. The relatively high correlation between the US, UK and Germany is partially due to the time difference as the US market operates one half hour before the closure of London Stock Exchange and Frankfurt exchange.
The Results of Granger Causality Test
The contemporaneous correlation provides information about the co-movement, especially according to new information of stock markets, while it gives no information about the direction of influence. In order to determine whether one market affects a foreign market significantly, the Granger causality test is applied. Table 4 shows the result of the Granger causality tests for USA, UK, Germany, Hong Kong, Japan, and Mainland China in the three periods respectively.
Except China, Granger causalities from the US to other countries were significant for the entire sample period. This implies that, to some extent, many economies largely depend on the US economy and evenly respond when the US economy is in trouble. The strong causality relationship was also found in the UK, Germany, Japan and Hong Kong. It is worth mentioning that the causality relationship was insignificant in case of Hong Kong and Japan, while these two markets showed a high correlation of residual returns in the later section. The contradiction can be explained by significant causality relationship for the US to these two markets correspondingly.
The results present sixteen causal relations during the pre-crisis period. During the crisis period, there were twenty causal relations. However, the number was down to fifteen in the post-crisis period.
While, during the crisis period, the US, UK, and Germany all showed Granger causality relations on mainland China, meaning these largest markets exerted more influence on the Chinese market during the crisis and the influence persisted after the crisis, as well. A bi-directional Granger causality relation was found in Germany and the UK. Granger causality was significant in both directions, which was often termed as a feedback relation. Moreover, the Shanghai Stock Exchange was significantly causal force for Hong Kong Stock Exchange and the Tokyo Stock Exchange, but the causality relationship fades away after the crisis. Notes: * denotes rejection at a 10% level, respectively; ** denotes rejection at a 5% level, respectively; *** denotes rejection at a 1% level, respectively.
In the post-crisis period, the UK showed a feedback relationship with the US market. It is observed that the structure of causality in the post-crisis period was different from that in the pre-crisis period. Some causality relations from other markets to the US markets become insignificant, which indicates that the financial crisis has reinforced the influence of the US market as an originator rather than a follower.
On the other hand, before the crisis, Hong Kong and Japanese markets had feedback relationships with the US, UK and Germany. However, these six bi-lateral relationships disappeared after the crisis. This is in line with the decreased residual correlation of these five markets in the post-crisis period.
The findings of our research are comparable to those of Malliaris and Urrutia (1992) [6] which claim that the co-movement among stock markets of other countries have increased significantly during the crisis. However, one major difference in the findings is that in the Malliaris and Urrutia study, in the post-crash period, no co-movements were found, while our study confirms strong co-movements in the post-crisis period.
Variance Decomposition-Accounting National Stock Market Innovations
The forecast error variance of each stock market can be allocated to sources by using orthogonalized innovations. For each market, the orthogonalization procedure provides the component of forecast error variance which is accounted for innovations in each of the six markets. Table 5 provides the decomposition of 10-days ahead of forecasts of the stock market returns into fractions that are accounted for by innovations of different markets. Table 5 indicates that no national stock market is exogenous in that a market's own innovations fully account for its variance. On the contrary, a substantial amount of interaction is detected among national stock markets. At the horizon of 10-days, for example, the average percentage of error variance of a national stock market attributes to collective innovations in foreign stock markets during the four periods are 36.36, 43.91, and 45.04, respectively. During the financial crisis, as well as during the post-crisis period, the interactions among global markets were more active.
The results in Table 5 also indicate that the US stock market was the most influential in the world. While no single market can explain more than 3% of the US error variance, and even less than 0.4% during the crisis, the US explains an average of 48% of the German market error variance before, during, and after the crisis. The US stock market accounts for the greatest proportion of the foreign error variance for each of the other four stock markets. The other five markets have increased the error variance explained by US market innovations during the crisis period.
In the post-crisis period I, the error variance explained by foreign market for the US, UK, Germany, and China increase while, for Hong Kong and Japan, the numbers went down. The persistence of significant influence of the US market on the UK and German markets suggests that even after the crisis, UK and Germany relied to some extent on the recovery of the US economy and that they pay more attention to the US stock market even in the post-crisis period. Additionally, the European debt crisis continued and deepened as the financial crisis emerged in the US. This finding is in line with the higher correlation of residual returns in the post-crisis period of the US and Germany than during the crisis period. 
Dynamic Response Pattern
The Granger causality provides information about whether innovation in one market affects a foreign market significantly. However, it gives no insight into the mechanism of international transmission of stock market movements as the intensity of the influence and the duration of the shock in a particular market. The pattern of dynamic responses of each of the six markets to innovations in the US market using the simulated responses of the estimated VAR system can provide such additional insight. To conserve space, this paper concentrates on the responses of each of the five markets to a shock in the US market. Table 6 provides normalized impulse responses of the five markets to a typical shock, i.e., positive residuals of one standard deviation unit in the US. To facilitate the interpretation of Table 6 , time paths of the normalized impulse responses of the five markets to a US shock are shown in Figure A1 . Table 6 . Impulse responses to the unit shock in the US market. As can be seen from the examination of Figure A1 in the Appendix A, innovations in the US stock market are rapidly transmitted to all the other markets. UK and German markets respond to the US shock most dramatically on day 1 and, thereafter, the responses rapidly taper off. However, Hong Kong, Japan, and China present a different pattern of impulse responses. The responses of these three markets are sluggish in that the day 2 response is larger than day 1. This is mainly because of different timing of markets; so the US's day 1 unit shock affects day 2 of these three markets. It can also be seen from Figure A1 that most of the adjustments of foreign stock prices to the US shock is completed by day 2 or day 3. This implies that it would be difficult to earn unusual profits by investing in a particular market based on the observed developments in other markets.
According to Figure A2 in the Appendix A, showing the accumulative response pattern, the financial crisis increases the influence of the US market unit shock on other markets. Additionally, according to Figure A2 in the Appendix A, showing the accumulative response pattern, the effect of the shock on other markets is long-term and does not disappear. Table 6 , during the crisis period, the repercussion effect of one unit US shock significantly increases for each market. However, this new repercussion effect decreases after the crisis, but still remains larger than the pre-crisis level. This finding indicates that during the crisis, the risk of the US stock market increased dramatically.
According to
Additionally, during the crisis, the impulse response of Hong Kong and Japan to the unit shock in the US market increased so intensely that the cumulative response in two days surpassed the impulse response of the US market to its own shock. This reflects the characteristic of export-oriented economies of these two markets. Hong Kong and Japan's economies are highly dependent on other markets. Their sensitivity levels to external shock are high.
Conclusions
The paper examines the co-movement of six major stock markets returns before, during and after the financial crisis of [2007] [2008] . For the analysis, we have applied vector auto-regression (VAR) model and conducted the Granger causality test.
The finding of results suggests that a substantial amount of interdependency exists among various stock markets during the financial crisis. Before the crisis, certain degree of interdependency witnessed among six leading stock markets; for example, feedback relationship was found between Hong Kong, USA, UK and Germany. Linkage among the five stock markets has increased sharply since the beginning of the crisis in August 2007. In particular, a drastic increase in the co-movements among USA and China, Germany and China, and UK and China were observed after the financial crisis.
Data confirmed that the correlation of stock markets between the United States, Britain, Germany, Japan and Hong Kong enhanced notably after the crisis, while it showed a reverse trend with the Chinese stock market. This conclusion is very consistent with the real world. As for Germany, Japan and Hong Kong, the impact of the crisis was stronger as they are more open economies. While for China, as the degree of openness is not high and the Chinese stock market was supervised by the government to a certain extent, therefore, the crisis has not much affected the economy as compared with the United States and other countries.
After the crisis, stock markets in developed countries gradually returned to normal position and the correlation between stock markets in developed countries and China is integrating further. The repercussion effect of unit shock in the U.S. market decreased, but was still higher than the pre-crisis level. After analyzing the dynamic responses of each of the six markets to innovations in a particular market, using the simulated responses of the estimated VAR system, it was noticeable that most of the responses to a shock were completed within three days. The results of impulse response also suggest that Hong Kong and Japan as finished-product export-oriented economies were greatly influenced by U.S. during the crisis.
The overall higher co-movement in global stock markets than in pre-crisis period may reflect that more common shocks were shared by these stock markets during the crisis: credit derivatives decreased in value, the housing price plummeted, exchange rate fluctuated and massive hedge funds were transferred globally. Furthermore, panics among individual investors also stimulated the co-movement of global stock markets. In addition, the dramatic increase of residual correlation between Japan and other markets is partly caused by the flight of Japanese hot money.
Overall, it can be concluded that the financial crisis reinforced the interdependence of the global markets. The co-movement and the interdependence have yet not fade away, though the co-movements of Hong Kong and Japan with other global markets have reduced after the crisis, the interdependence of other markets remains observable and even stronger in the post-crisis period.
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